Abstract Oxovanadium(IV) complexes with [ONNO]-type tetradentate Schiff base ligands: salen, acacen, aceten, acetph (H 2 salen = N,N′-ethylenebis(salicylideneimine), H 2 aceten = N,N′-ethylenebis(2-hydroxyacetophenoneimine), H 2 acacen = N,N′-ethylenebis(acetylacetonimine), H 2 a c e t p h = N , N ′ -p h e n y l e n e -1 , 2 -b i s (2-hydroxyacetophenoneimine)), were the first time investigated in ethylene polymerization and ethylene/1-octene copolymerization processes. In general, all these complexes are moderately active precatalyst for ethylene polymerization upon activation with EtAlCl 2 and they give high molecular weight linear polyethylenes. Their activity in copolymerization was found relatively low. However, they yielded copolymers with high 1-octene incorporation even at low comonomer concentrations in the feed. The catalytic performance in homo-and copolymerization was influenced by both the ligand structure and polymerization parameters (Al/ V molar ratio, polymerization temperature, comonomer feed concentration). In addition, the [VO(acacen)] was supported onto magnesium supports, and in the presence of various cocatalyst and at different reaction conditions it was screened as the catalyst of choice for ethylene homo-and copolymerization.
Introduction
Polyethylene (HDPE) and ethylene/1-olefin copolymers (LLDPE) produced by transition metal-catalyzed coordination polymerization are classified as the most important synthetic polymers. The literature reflects the continued interest in catalysts for homo-and copolymerization of ethylene. Recently, after intensive exploration of metallocene and nonmetallocene group 4 complexes in these processes, the considerable attention is attracted by the catalysts of group 5 elements [1] [2] [3] [4] [5] . The vanadium complexes make an attractive goal for formulators in view of the fact that the classical vanadium catalysts display the unique characteristic as compared to the titanium-based ones. They allow to produce (i) high molecular weight polymers with narrow molecular weight distributions, (ii) high molecular weight amorphous ethylene/propylene copolymers, (iii) syndiotactic propylene [1, 3] . The weak point of such vanadium catalysts is their rather quick deactivation during polymerization as a result of reduction of catalytically active vanadium species to inactive vanadium(II) species [6] [7] [8] . Adding chelating ligands to the vanadium compound can assist in stabilizing the vanadium species at a high state of oxidation. In addition, the structure of a ligand can be changed to modify the electronic and steric environment around the metal center, i.e. to modify the catalytic properties of the final vanadium complex.
Numerous vanadium complexes have been synthesized with a broad range of ligands and with variety of oxidation states of their metallic centers. For instance, mono-and bis(phenoxy-imine) vanadium complexes are highly active in ethylene polymerization but they are thermally unstable when the process is carried out at higher temperatures [9] . This problem though can be dissolved by using MgCl 2 / Et m Al(OR) n systems which serve as cocatalysts and supports at the same time [9] . A better thermal stability of vanadium complexes was obtained by using tridentate Schiff base ligands with pendant donors [10] . These complexes also offer the high ability to incorporate cyclic and linear olefins. Vanadium(III) complexes having bis(benzimidazole)amine ligands activated with common alkylaluminium compounds also turned out to be thermally robust and highly active single site catalysts for olefin polymerization and copolymerization [11] . A good thermal stability can also be expected from single-site catalysts which are based on bis(imino)pyrrolyl v a n a d i u m ( I I I ) c o m p l e x e s [ 1 2 ] . M o n o (β-enaminoketonato)vanadium(III) complexes show high catalytic activities in ethylene polymerization and an excellent capacity to copolymerize ethylene and 1-olefins or cycloolefins [13] , while vanadium(III) complexes with iminopyrrolide ligands [14] or tridentate phenoxy-phosphine ligands [15] exhibit high activity in ethylene polymerization even at 70°C, and they can also efficiently catalyze the copolymerization process of ethylene with 10-undecen-1-ol to produce copolymers with around 15 mol % of comonomer. (Arylimido)(aryloxo)vanadium(V) complexes show high activity in ethylene polymerization and a good potential to incorporate the norbornene monomer [16] . There were also reports published on vanadyl complexes which bear chelating aryloxide ligands and which demonstrate exceptionally high activities in ethylene polymerization [17] .
T h e s t u d y r e g a r d i n g [ O N N O ] -t y p e a m i n e bis(phenolate) based vanadium(II-V) catalysts showed again that the V(II) state was inactive in ethylene polymerization. The catalytic activity and quality of the polyethylene products were found similar for the complexes with the oxidation states +5 to +3 which suggests the presence of similar catalytically active species in those systems [18] . For vanadyl phenoxyimine and vanadyl polyphenolate complexes, in turn, the vanadium(IV) species can be the active ones since their concentration correlates with the ethylene polymerization activity [19, 20] .
The information is also vital that the majority of vanadium complexes shows a better activity in combination with simple alkylaluminium compounds, especially EtAlCl 2 and Et 2 AlCl [10, [12] [13] [14] [15] [16] [17] [18] 21] , which makes them good alternatives for MAO activated zirconium and titanium-based catalysts.
We recently reported that salen-type complexes of vanadium(IV) dichloride were efficient ethylene polymerization catalysts, especially after immobilization on the magnesium support [22, 23] . In this paper we present the catalytic properties of oxovanadium(IV) complexes bearing salen-type and other tetradentate Schiff base ligands. They were used for ethylene homopolymerization and for ethylene/1-octene copolymerization.
Experimental

General procedures and materials
All air and moisture sensitive compounds were handled under the argon atmosphere, with the use of the standard Schlenk and glove box techniques. Ethylene (3.0 grade, Linde Gas) was used in tests after having been passed through a column packed with sodium metal supported on Al 2 O 3 . Toluene was distilled from sodium before use. 1-Octene from Aldrich was dried over molecular sieves 4A. Argon (5.0 grade, Linde Gas) and EtAlCl 2 (25 wt %, Aldrich) were used without further purification.
FT-IR spectra of polymeric products were recorded using the Nicole Nexus, 2002 FT-IR spectrometer. The copolymer samples were pressed into discs with KBr and 20 scans were taken in the range from 4,000 cm −1 to 400 cm −1 with a 2 cm
resolution. The compositions of copolymers were determined using the A 1379 /A 1368 absorbance ratios obtained by separation of analytical bands [24] . The
13
C NMR spectra of the copolymers were recorded on the Ultrashield Bruker 400 MHz spectrometer in 1,2-dichlorobenzene-d 4 at 120°C. The number of scans performed for each spectrum was at least 13,300. The chemical shifts were referenced internally to the major backbone methylene carbon resonance which was taken to be 30.00 ppm. The average molecular weights (M w ) and molecular weight distributions (M w /M n ) were determined by gel permeation chromatography using the Alliance 135 GPCV 2000 apparatus equipped with three columns: HT3, HT4 and HT6E. The measurements were performed at 135°C, with 1,2,4-trichlorobenzene as the solvent, and at the flow rate of 1.0 ml/min. The narrow molecular weight distribution polystyrene standards in the rage from 580 g/mol to 3,000,790 g/ mol were used for calibration. DSC analyses were carried out with the use of the 2010 DSC calorimeter from TA Instruments. The heat of fusion (ΔH f ) and melting point (T m ) data were measured for samples which had been previously melted and recrystallized at the heating rate of 10°C/min. Based on ΔH f , percentage of crystallinity was calculated as X c = ΔH f ×(100/290) [25] . The SSA fractionation was performed with the use of the same apparatus and according to the principles described earlier [26] . Initially, the samples were heated to 170°C at the rate of 10°C/min and maintained at this temperature for 5 min. Then, they were cooled down to 0°C. Heating-annealing-cooling cycles were repeated for temperatures: 125, 119, 114, 111, 107 and 103°C.
Synthesis of vanadium complexes
Oxovanadium complexes used in this study were obtained in the reaction of a Schiff base with a salt or oxovanadium(IV) complex, according to [27] . 
[ 
[VO(acacen)] The [VO(acacen)] complex was synthesized as described in [28] . The Schiff base ligand, H 2 acacen (2.2 g, 0.01 mol), was added to bis(2,4-pentanediono)vanadyl(IV) (2.7 g, 0.01 mol) and the obtained mixture was heated at 240°C under reduced pressure (about 5 mbar) for 1.5 h. The solid product was washed with ether and then it was extracted with hot toluene. The hot extract was filtered, cooled and left for crystallization at 5°C for 12 h. The resulting blue-green crystals were recovered by filtration, washed with cold ether, dried and recrystallized from toluene. The yield was 1.56 g (53.8 %). Elemental analysis: C 12 H 18 N 2 O 3 V (289.2 g/mol), calcd. C 49.83, H 6.27, N 9.69; found C 50.05, H 6.21, N 9.68. FTIR:
Synthesis of supported catalysts
Cat-S1 {[VO(acacen)]/MgCl 2 (THF) 2 /Et 2 AlCl} 6.9 mg of [VO(acacen)] in toluene was added to the suspension of 1.059 g of MgCl 2 (THF) 2 /Et 2 AlCl [23] in hexane and then the mixture was ball milled, at room temperature, at the fixed rotational speed of 80 rev./min, for 20 h. The solid material was separated, washed several times with toluene and hexane and then dried until free-flowing. The filtrate was colorless from the very beginning which showed that the whole amount of the complex used had been completely immobilized. The yield was 0.7222 g. The AAS analysis indicated that the Cat-S1 contained 1.66 mg of V/g, 41.4 mg of Al/g and 19.8 mg of Mg/g, which confirms immobilization of the total amount of the vanadium complex in practice. The synthesis was repeated twice.
Cat-S2 {[VO(acacen)]/MgCl 2 (EtOH) 3.6 /Et 2 AlCl} The supported catalyst was obtained by ball milling of the magnesium support MgCl 2 (EtOH) 3.6 /Et 2 AlCl, 1.872 g (synthesized according to [29] ) and vanadium complex [VO(acacen)], 0.0120 g, in hexane/toluene, at room temperature, at the fixed rotational speed of 80 rev./min, for 20 h. Then the solid was separated by filtration, washed with toluene (14 ml) and with hexane (50 ml). Finally, it was dried until free-flowing. The filtrate was colourless from the very beginning which showed that the whole amount of the complex used had been completely immobilized. The yield was 1.265 g.
General procedure for ethylene polymerization
Ethylene polymerization was carried out in a Büchi glass autoclave equipped with the magnetic stirrer and heating-cooling jacket. The reactor was charged with 150 ml of toluene, the required amount of activator and the vanadium complex. Finally, the ethylene gas was fed. The ethylene feed pressure (5 atm) and the reactor temperature were kept constant throughout the runs. After the prescribed time, 30 min, the ethylene gas feed was stopped and methanol was added to terminate the reaction. The obtained mixture was poured in to a dilute solution of hydrochloric acid in methanol. The polymer was filtered, washed a few times with methanol and dried in vacuo.
General procedure for ethylene/1-octene copolymerization
The ethylene/1-octene copolymerization followed the same procedure as ethylene homopolymerization and the only difference was that 1-olefin was charged to the reactor after a solvent had been added there.
Results and discussion
The study involved four oxovanadium(IV) complexes with different structures of the [ONNO]-chelating ligand (Scheme 1). Three of them: [VO(salen)], [VO(aceten)], [VO(acacen)] were green and had five-membered N-N chelate rings which can be indicative for their monomeric structures with the five-coordinate square-pyramidal geometry [30] . Moreover, all they showed V = O stretching bands at around 970 cm −1 which proved their monomeric forms [30] . Indeed, previous characterization of [VO(salen)] and [VO(acacen)] by X-ray crystallography shown that they exhibit the squarepyramidal coordination [31, 32] . The last investigated complex, [VO(acetph)], was colored brown and shows the V = O stretching bond at 979 cm Prior to their use in the polymerization reaction, oxovanadium complexes with [ONNO]-ligands have to be activated by an alkylaluminium compound to form the M-alkyl bond and the coordination site for an olefin. The activator can react by attacking on the V = O bond, as it was suggested for oxovanadium(V) complexes with the strongly coordinated tetradentate calix [4] arene ligand [19] or, as it was postulated for vanadium bis(phenoxyimine) complexes, by replacing the ligand with an alkyl-anion [20] .
The catalytically active vanadium sites are known for their low stability in olefin polymerization due to their reduction to low-valence species. To overcome that problem, olefin polymerization processes are often run in the presence of a promoter, halogenated hydrocarbons or halocarbon esters like Cl 3 CCOOEt [3, 12] . Another method is based on the use of an activator with a lower reduction potential. Earlier reports [18, 22] indicate that salen complexes of vanadium dichloride and vanadium complexes with diamino-bis(phenolate) ligands give higher polymerization activities in conjunction with chloroalkylaluminium compounds, especially with EtAlCl 2 . It was also shown that active species in the catalysts which contain oxovanadium complexes are formed only after their activation with a chlorine atom-containing alkylaluminium compound and vanadium is in an oxidation state of +4 in them [19, 20] . Therefore, ethylene polymerization processes in the presence of oxovanadium complexes were conducted in toluene with EtAlCl 2 as an activator.
All complexes upon activation proved to be active in ethylene polymerization. The typical results as summarized in Table 1 indicate that the studied complexes display different catalytic activities under the same conditions. The activity at the Al/V molar ratio equal to 129 (1. 32 and 6 ). However, any further increase in the ratio (entry 9) reduces the catalyst productivity. The temperature effect on the catalytic activity was evaluated for the same complex at the Al/V molar ratio equal to 514 (Table 1 , entry 6 and 7). As can be seen, the catalytic system based on the oxovanadium complex bearing a salen ligand did not offer a good thermal stability, just alike salen complexes of vanadium(IV) dichloride reported by us earlier [22] .
The polymerization conditions, the Al/V molar ratio and polymerization temperature, also significantly influenced the polymer properties. The molecular weights were decreased for the increasing Al/V molar ratio. The increase of Al/V from 129 to 386 and to 514 changed the molecular weight of polyethylene produced by [VO(salen)] from 539,000 g/mol to 458,000 g/mol and to 250,000 g/mol, respectively. The same effect was observed for polymers synthesized by [VO(acacen)]/EtAlCl 2 ( Table 1, compound was an important chain-transfer pathway under adopted conditions. The chain transfer reaction was enhanced at higher temperatures and polyethylene with lower molecular weight was formed at 50°C then at 30°C (Table 1, entry 6 and  7) . It is a result of higher activation energies for the chain transfer reactions then for the monomer insertions which affects the relative rate of chain transfer as compared to the rate of propagation [34] . In addition, the molecular weight distributions increase with the temperature increase. The SEM micrographs of polyethylenes obtained with different oxovanadium(IV) complexes (Fig. 1) show that morphology of the polymer produced by [VO(acetph)] is different from those of other polyethylenes: the polymer in question had the form or flakes while other polyethylenes were obtained as irregular granules with diversified sizes. One of the most important grade of polyethylene, linear lowdensity polyethylene, is obtained by copolymerization of ethylene with α-olefin and this process allows to control density and crystallinity of polyethylene. The presence of short-chain branches decreases the melting temperature and crystallinity of polymer because the comonomer units interfere with crystallization and reduce the size of crystallites [18] . The length of side chains is dependent on the type of α-olefin and the number of those chains is dependent on the comonomer concentration in the feed and on the ability of the catalytic system to incorporate the comonomer. The ethylene/1-octene copolymerization tests with [V IV OL]/EtAlCl 2 systems were run under the same conditions as described for ethylene homopolymerization, i.e. 30°C, 5 atm ethylene, 30 min, and with different cocatalyst-to-complex ratios. The standard comonomer concentration was equal to 0.40 mol/dm 3 thought some experiments with other comonomer concentrations were also performed. The results can be seen in Table 2 .
All the catalysts lost some activity after introduction of 1-octene. The increase in the 1-octene concentration reduced that activity even further. The activity of vanadium catalysts, when used in copolymerization at Al/V = 129 mol/mol and at the comonomer concentration of 0.40 mol/dm 3 (Table 2 , entry 33, 31 and 26), was dependent on the ligand structure and that relation was the same as for ethylene homopolymerization 26, 22) . It is seen that the comonomer incorporation is evidently lower at a higher cocatalyst/complex molar ratio than at a lower Al/V ratio. Moreover, the results confirmed a better comonomer incorporation ability of the salen complex.
It can be seen in Table 2 and in Fig. 2 that the molecular weight of polyethylene obtained with [VO(acacen)]/EtAlCl 2 is much higher than that for copolymers, and that it decreases with the increase of comonomer concentration in the feed. Such effects were observed repeatedly for copolymerizations catalyzed by different catalytic systems [21, [35] [36] [37] [38] . Lower molecular weights of polymers for increasing 1-octene concentrations may result from the chain transfer to comonomer and/or more favourable β-hydride elimination after comonomer incorporation. Besides, the presence of a comonomer and its increasing concentration lead to a broader distribution of molecular weights. And even an additional higher molecular weight fraction can be is observed on the MWD curve of copolymer with higher comonomer content (Fig. 2, curve 3 ) although its share is low. It is interesting that the difference between the molecular weights of polyethylene and copolymers synthesized with [VO(salen)] was slight only, and copolymers had even higher MW values than the homopolymer (Table 2, Fig. 3) . It is not a typical situation, although a much higher molecular weight of copolymer than that of homopolymer was observed earlier for propylene/1- nd not determned , respectively (Fig. 4) . The vinyl and vinylidene groups may be formed by β-hydrogen elimination or β-hydrogen transfer to the monomers with ethylene or with 1-octene (after 1,2-insertion) as a last inserted monomer. The trans-vinylidene terminal group is formed when a chain with 1-octene after 2,1-insertion is involved in the reaction as the last inserted monomer [40] [41] [42] . Hence, different effects of comonomer on molecular weights of copolymers produced over different catalytic systems do not result from different chain termination reactions but rather from different relations between the rates of chain propagation reactions and chain termination reactions.
The effect of incorporation of 1-octene on melting behaviour of polymers produced by [VO(salen)]/EtAlCl 2 and [VO(acacen)]/EtAlCl 2 is shown in Figs. 5 and 6 , respectively. The incorporation of comonomers shifts melting peaks of copolymers in relation to homopolymers towards lower temperatures. Very wide melting peaks can be observed in some thermograms, while other thermograms of 26 and 27 (Fig. 6) reveal not only principal melting peaks at 111°C and 126°C, respectively, but also additional small peaks at 125°C and 138°C, correspondingly. Those observations are indicative of heterogeneous comonomer distribution. One of the techniques used for characterization of short chain branching distribution in copolymers is the SSA technique (SSA -self-nucleation annealing) which is based on the sequential application of self-nucleation and annealing steps to polymer samples [26, 43] . We apply six self-nucleation and annealing steps with isothermal treatment at 125, 119, 114, 111, 107 and 103°C. After the use of that procedure, the fractionated copolymers show a series of melting peaks which are consistent with the melting of different mean lamellar thickness crystallites formed and annealed at every temperature applied [43] . Figure 7 shows that four fractions were produced for 31 and 33 polymer samples at temperatures ranging from 98 to 114°C and that their distribution was unimodal. The shapes of the DSC endotherms obtained for both copolymers are very similar to each other. The copolymer 26 obtained with [VO(acacen)] exhibited a higher number of melting peaks (six) with endotherm minimums ranging from 98 to 129°C and the distribution of melting peaks for this copolymer being bimodal. Though, the area under two high temperature peaks (with the minima at about 122°C and 129°C), corresponding to higher lamellae thickness (and lower 1-octene content), is small.
The microstructures of two selected poly(ethylene-co-1-octene)s synthesized with [VO(salen)] and [VO(aceten)] were analyzed using 13 C NMR. The spectra of both copolymers were similar to each other, hence only the spectrum of the sample produced by [VO(salen)]/EtAlCl 2 is presented in Fig. 8 . As can be seen, no resonances ranging from 40 to All oxovanadium complexes, irrespective of the ligand structures, turned out effective in the ethylene/1-octene copolymerization process. Copolymers with a very high content of 1-olefin and essentially different properties in relation to ethylene homopolymer could be produced, even at low comonomer concentrations in the reaction medium. The possibility of using a lower amount of a costly comonomer to obtain the planned change(s) in the polyethylene properties makes that catalyst attractive from the viewpoint of commercial applications. Such complexes, however, have a disadvantage -very low activity. Improved activity of various generations of organometallic catalysts becomes available in many cases after anchoring such catalysts on a support. In our study, [VO(acacen)] was chosen for immobilization. It was immobilized on the complex of magnesium chloride with THF and on the complex of magnesium chloride with EtOH. Both supports were modified with Et 2 AlCl [23, 29] . All (co)polymerization reactions with the use of such catalytic systems were carried out in hexane for 30 min, under 5 atm. of ethylene. About 0.07 g of a supported catalyst and 8 mmol of an activator were used.
The activity of previously investigated salen complexes of vanadium(IV) dichloride spectacularly increased after immobilization on the magnesium support [23] . Unfortunately, the activity of supported oxovanadium(IV) complexes was not much improved, although some changes in their catalytic behaviour in comparison with unsupported counterparts could be observed. Both the supported catalysts were found more active in conjunction with MAO then after activation by common alkylaluminium compound, and from among them trialkilaluminium compounds are better activators then Et 2 AlCl (Table 3) . Their activity increased at higher polymerization temperatures. This is indicative for good thermal stability of the supported systems. Moreover, the supported systems similar to the unsupported one give linear polyethylene with a high melting temperature, in the range of 135.4-137.9°C, and with high molecular weight. On the other hand, immobilization of a complex on a support affects the molecular weight distribution in the PE product. It is clearly lower in PE synthesized with the use of supported systems (1.4-2.3) than with the use of non-immobilized complexes (4.4-4.6), irrespective of the activator type employed (MAO or Me 3 Al). It can be said that single site catalyst is formed after complex immobilization. Immobilization of a complex also influenced the morphology of the polymer product, with some effect also observed for the type of the activator used (Fig. 9) . The polymer granules produced by Cat-S2/MAO show porous surfaces and irregular shapes, alike for the polymer obtained from an unsupported system (Fig. 9a) , although they are somewhat bigger. The same catalyst activated with Me 3 Al yields a The use of a higher 1-olefin in the reaction medium depresses the activity of both supported catalysts in relation to their performance in ethylene homopolymerization; that decline is more prominent for higher concentrations of 1-olefin. Immobilization was disadvantageous for a complex in efficient incorporation of a comonomer to the PE chain. At the same comonomer concentration of 0.40 mol/dm 3 , the nd not determned a 60°C Table 2 , run 26) whereas in the presence of supported catalysts the copolymers having less than 1 mol % of 1-octene units were obtained (Table 4 , runs S45, S56, S63). The obtained copolymers had different properties than homopolymers produced by the same catalytic systems. The principal differences include lower melting points, lower contents of crystalline phase and reduced molecular weights in relation to homopolymers. Higher temperatures improve the catalyst activity, reduce molecular weights and melting points of copolymers (S49, S50 and S51). Increasing temperature also gives a nearly linear growth in 1-octene incorporation to the polyethylene chain which may result from the fact that ethylene solubility in the reaction medium declines at higher reaction temperatures.
Conclusions
It is the first time that the catalytic performance of oxovanadium(IV) complexes with [ONNO]-chelating ligands such as salen, acacen, aceten and acetph in ethylene homoand copolymerization was described. The studies show that the oxovanadium catalysts have the ability to produce polyethylene with high molecular weight and ability to copolymerize ethylene with 1-olefins to produce copolymers with high comonomer incorporation and high molecular weights which is required for this type of catalysts. The activity of these complexes is moderate and it increased in the line: [VO(salen)] < [VO(acetph)] < [VO(aceten)] < [VO(acacen)]. The highest incorporation ability is shown by the salen complex of oxovanadium which can suggest that the methyl substituent at the imine group carbon atom slightly hinders the comonomer incorporation. The catalyst activity, 1-octene incorporation and copolymers properties are dependent on the comonomer feeds, polymerization temperature and Al/V molar ratio. The copolymer yield, melting point, crystallinity and molecular weight decreases with increasing of 1-octene concentration, while comonomer incorporation rises. Only in the case of copolymerization catalyzed by salen complex the presence of comonomer in the polymerization feed result in a somewhat higher polymer molecular weight.
Immobilization of [VO(acacen)] on magnesium supports improved thermal stability of the catalysts and also slightly enhanced their catalytic activity. However, immobilization failed to maintain a high potential for comonomers incorporation. 
